more effective than the common Yabukita tea.
Introduction
Radical formation is an important factor in the pathogenesis of skin diseases [1] . Free radicals derive from numerous internal and external sources, including aerobic cellular metabolism, air pollution [2] , and solar irradiation in the ultraviolet, visible, and near-infrared spectrum [3] [4] [5] . Though low concentrations of free radicals are required for cell signaling [6] and physiological inflammatory reactions [7] , excessive free radical production can result in cellular damage and the development of skin cancer [8] or premature skin aging [9] . Recent research suggests that oxidative stress may also be a key player in chronic inflammatory skin diseases, including psoriasis [10] , atopic dermatitis [11] , and acne [2] .
To prevent skin damage due to oxidative stress, the skin possesses an elaborated antioxidant network to neutralize radicals [8] . While some antioxidants like catalase, glutathione, and superoxide dismutase are naturally syn-thesized by the body, most have to be obtained from the diet.
Green tea, being a very popular beverage, is a major source of antioxidant polyphenolic components, especially catechins and flavonols [12, 13] . The most abundant and powerful antioxidant among the catechins, accounting for around 50% of total catechins in green tea, is epigallocatechin-3-O -gallate (EGCG) [14] . The flavonol quercetin is an equally strong antioxidant as EGCG [15] . Other catechins contributing to the antioxidant potential of green tea include epicatechin, epicatechin-3-Ogallate and epigallocatechin [16] . Apart from their intrinsic antioxidant properties, green tea polyphenols were shown to stimulate the transcription of antioxidant enzyme genes, suggesting a tight connection between exogenous and endogenous antioxidants [17] .
The antioxidant effect of green tea is by far not the only mechanism of action that is beneficial to human skin health [18] . Green tea polyphenols were shown to induce apoptosis in human epidermoid carcinoma cells [19] and human melanoma cells [20] . Topical application of EGCG on the skin of volunteers was effective in inhibiting UVinduced inflammatory reactions, lipid peroxidation, and DNA damage [21, 22] . Preventive effects of green tea polyphenols against photoaging are mediated by antimelanogenic and antiwrinkle mechanisms and by the inhibition of UV-induced immunosuppression [23] . Furthermore, green tea polyphenols possess antiviral properties and have been found effective in the treatment of herpes simplex labialis infections [24] and condylomata accuminata [25] . These findings suggest that green tea may be suitable for the prevention and treatment of various skin diseases.
However, the results of in vitro and topical application may not be transferrable to orally administered substances, as green tea polyphenols undergo numerous biotransformation processes [12] . The knowledge of the underlying pharmacokinetics is crucial for the understanding of the biological effects of orally administered green tea polyphenols [26] [27] [28] [29] . A large number of metabolites deriving from methylation, glucuronidation, and colonic ring fission have been described so far [12] . The impact of these biotransformation processes on the antioxidant potential, the pharmacological activity, and the cutaneous bioavailability of the metabolites is not yet clearly understood.
Only 2 cutaneous bioavailability studies have investigated green tea metabolites so far. The most recent study identified 26 green tea metabolites in plasma after oral green tea administration, while 20 metabolites were found in skin blister fluid [30] . In contrast, only 7 substances could be found in skin biopsies, including quercetin and 5-(3 ′ ,4 ′ -dihydroxyphenyl)-γ-valerolactone (M6), a ring fission catechin metabolite derived from gut microbiota [31] . Contrary to the results of the previous work of the same group [32] , EGCG was not identified in skin biopsies. However, as EGCG is reported to undergo hydrolysis in vivo [33] , it is likely to contribute to the antioxidant status of the skin via its hydrolysis product gallic acid and the colonic metabolite M6, which themselves exert antioxidant activity [34, 35] . These results suggest that some green tea metabolites are incorporated into human skin, while others are not, but the data are inconclusive.
Similarly, clinical trials examining the photoprotective effect of oral green tea administration have yielded conflicting results [32, [36] [37] [38] . Furthermore, clinical and epidemiological studies investigating the biological effects of orally administered green tea tend to produce inconclusive results in general, regardless of the topic of investigation [39, 40] .
To understand these findings, it is important to consider the results from bioavailability studies, which unanimously report large interindividual differences [28, 30, [41] [42] [43] . Genetic predisposition [44] and nutrition patterns interacting with polyphenol absorption [40, 45] are among the factors that were postulated to contribute to the interindividual variations. The microbiome hypothesis seeks to explain the varying effects of green tea administration through the impact of the gut microbiome [28, 42] . Not only do colonic ring fission valerolactones account for almost 90% of excreted catechin metabolites, they also show wide variability that is likely to result from differences in the colonic microflora [42] .
It was furthermore postulated that the choice of a particular green tea cultivar may influence bioavailability. As the catechin composition is different for each cultivar and pharmacokinetics differ strongly among catechins [26] , several studies have focused on the cultivar Benifuuki which contains highly absorbable methylated catechins such as epigallocatechin-3-O -(3-O -methyl)-gallate (EGCG3 ′ ′ Me). Compared to EGCG, EGCG3 ′ ′ Me is reported to have a significantly higher bioavailability [46] . Benifuuki tea also proved to be more effective in treating allergies [47] than the common Yabukita tea, a cultivar that does not contain any methylated EGCG.
These findings suggest that the use of Benifuuki tea may be suitable as a means to increase the bioavailability and efficacy of green tea in clinical trials. However, as cutaneous bioavailability data are lacking for EGCG3 ′ ′ Me and its metabolic fate in humans has not been described yet, it is not clear whether EGCG3 ′ ′ Me or its metabolites are incorporated into human skin.
One possibility to investigate this issue is to determine the radical scavenging capacity of the skin in vivo with electron paramagnetic resonance (EPR) spectroscopy [48] . Previous studies involving in vivo EPR spectroscopy showed that the cutaneous radical scavenging capacity can be increased by the administration of vitamin C, Aronia extract, and carotenoids [49] .
To determine the effects of oral green tea administration on the antioxidant status of human skin, and to compare the cutaneous radical scavenging effects of Benifuuki tea and Yabukita tea, we conducted a randomized, partially double-blind, controlled pilot trial.
Materials and Methods

Participants
A total of 37 healthy volunteers (aged between 20 and 55 years, 21 women and 16 men) were recruited. Individuals aged between 18 and 60 years who did not meet any of the following exclusion criteria were admitted: skin diseases or skin barrier disorders, metallic implants in the forearms, allergies, food intolerances, pregnancy, and lactation.
Study Design
Participants were randomly assigned to one of the following 3 groups: control group, or Yabukita or Benifuuki tea groups. All subjects consumed 600 mL of beverages per day for 2 weeks, with EPR spectroscopy and resonance Raman spectroscopy performed at baseline and after 14 days.
Participants of the green tea groups were provided with uniform boxes containing organic Benifuuki or Yabukita tea leaves from the Japanese prefecture Kagoshima. The boxes were labeled with an allocation number to ensure blinding of the study investigator and the participants. The subjects assigned to the tea groups were instructed to drink 3 cups of fresh self-brewed green tea prepared according to the instructions of the tea manufacturer (2 g of tea leaves infused for 1.5 min in 200 mL of hot water). The total tea consumption of the volunteers was assessed by weighing the boxes at baseline and after 2 weeks. Participants of the control group were requested to drink 3 cups of water per day.
The subjects were instructed to maintain their lifestyle and usual diet, except for the 3 additional cups of green tea or water (control group) per day.
EPR Spectroscopy
EPR spectroscopy uses the interaction of a paramagnetic molecule with an external magnetic field to assess the radical scavenging capacity of the skin. As paramagnetic species contain unpaired electrons, the application of the magnetic field leads to the Zeeman effect, a split in the energy levels of the molecule. This enables an absorption of microwave radiation, if the microwave energy matches the distance between the 2 Zeeman levels [50] . Using a topically administered free radical with an unpaired electron as EPR marker, the microwave absorption of the radical molecules can be measured and recorded in an EPR spectrum. As the concentration of the free radical decreases over time due to redox reactions in the skin, a decay in the EPR signal intensity will occur [51] .
The L-band EPR spectrometer LBM MT 03 (Magnettech, Berlin, Germany) was used to perform the in vivo measurements with the following parameters: microwave frequency -1.3 GHz, magnetic field -46 mT, sweep width -8 mT, sweep time -10 s, and modulation amplitude -0.15 mT.
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl), a nitroxide free radical purchased from Sigma-Aldrich (Steinenheim, Germany), was used as marker for EPR spectroscopy. The 30 m M solution was prepared using a 1: 1 mixture of ethanol and water.
The right inner forearm was chosen as measuring spot for all participants. Prior to applying TEMPO on the skin, an ethanolsoaked paper towel was used to clean the skin surface and, if necessary, hairs were carefully removed with medical scissors. The cutaneous application of TEMPO was performed placing 50 μL of the freshly prepared TEMPO solution on a filter paper (SmartPractice, Phoenix, AZ, USA) and occluding it with a 12-mm Finn chamber (SmartPractice) for 10 min. After the removal of the Finn chamber and the filter paper, residual TEMPO solution was wiped off from the skin with a paper towel. The forearm was placed beneath the surface coil and immobilized; a thin cover glass (R. Langenbrinck, Emmendingen, Germany) separated the skin from the surface coil.
During the 14 min of EPR measurement, 4 scans per min were recorded, and a mean spectrum of 8 scans was evaluated to increase the signal-to-noise ratio. EPR intensity of TEMPO was derived from the height of the central line of the mean spectra and normalized to the baseline value at 0 min. The rate constant k was calculated using the exponential function I(t) = I 0 e -kt . EPR measurements were performed at least twice to ensure reproducible results with a rate constant deviation of not more than 30%.
Resonance Raman Spectroscopy
Resonance Raman spectroscopy is a noninvasive and quick method to measure the concentration of cutaneous carotenoids in vivo [52] . It is based on the inelastic scattering of monochromatic light after interaction with a molecule, resulting in a molecularvibration-related shift in the emitted frequency of the photon. With the knowledge of a molecule's Raman spectrum, it is possible to identify the molecule in a tissue and even measure its absolute concentration [53] .
To determine the total carotenoid content and the lycopene content of the skin, measurements were performed on the palm of the volunteers using 488-and 514.5-nm wavelengths. Blue light at 488-nm wavelength is used to excite all carotenoids, thus providing information on the total carotenoid content of the skin, while green light at 514.5 nm will excite mainly lycopene [54] . An argon laser was used as a source of excitation. Mean values of 6 measurements per wavelength were calculated.
Questionnaire
All participants were asked to complete a questionnaire at baseline and after 2 weeks to evaluate possible effects of lifestyle on the antioxidant status. In addition to sun exposure, stress, mood, and health, a food frequency questionnaire containing 26 common fruits and vegetables as well as different types of teas and juices was used to assess the intake of foods and beverages. A numerical value 228 representing the average intake per month was assigned to every frequency category, and the values were summed up to a score. An attitude score representing 5 different degrees of stress was used to assess the mental stress level of participants.
Statistical Analysis
Statistical analysis was performed with IBM SPSS Statistics 22. The Shapiro-Wilk test was used to analyze distribution properties of the acquired data. Normally distributed data were analyzed with the paired-sample t test for related data and the independent-sample t test for independent data. For nonnormally distributed data, the Wilcoxon test was performed on related samples, while the Mann-Whitney U test was run to analyze independent samples. The Kendall τ b test was used to investigate correlations between nonnormally distributed variables. A p value (2-tailed) of ≤ 0.05 was considered statistically significant.
Results
Volunteers
A total of 37 subjects were recruited for the study. One volunteer from the Yabukita group dropped out before completing the study and another subject from the same group had to be excluded as it was not possible to perform reproducible EPR measurements at the second visit. Another 3 subjects (1 in the control group and 2 in the Benifuuki group) had to be excluded as they underwent antiinfective treatment for moderate-to-severe infections which occurred during the last week of the study. Consequently, 32 subjects were included in the study analysis, and their characteristics are shown in Table 1 .
EPR Measurements
The mean baseline rate constant of all volunteers was (4.5 ± 1.5) × 10 -2 min -1 , with no significant differences between the 3 study groups ( Table 2 ) . After 2 weeks, both tea groups showed a significant increase in the radical scavenging capacity when compared to the control group ( Fig. 1 ) . The individual rate constant k increased by 28% in the Yabukita group and by 29% in the Benifuuki group while in the control group no increase was found. The maximum individual increase in the rate constant was 102% in the Yabukita group and 173% in the Benifuuki group, but only 18% in the control group. However, 5 participants of the Yabukita group and 6 of the Benifuuki group showed either a rate constant decrease or an increase of less than 18%.
Raman Measurements
No significant changes were observed in the total carotenoid content of the skin ( Table 2 ). The lycopene content increased, though not significantly, in all groups. Noticeable gender-related differences in the baseline carotenoid content were present, with a 44% higher total carotenoid content ( p = 0.002) in women. Lycopene values were 23% higher in women ( p = 0.057), though the difference was not statistically significant. A strong correlation between baseline lycopene and the total carotenoid content was present ( τ b = 0.633, p < 0.001).
Questionnaire
The evaluation of the food frequency questionnaire revealed no significant changes in the food intake of volunteers during the 2 weeks. No significant correlation could be found between the intake of vegetables and fruits and the baseline rate constant or carotenoid content of the skin. A weak but significant positive correlation between reported mental stress levels and the rate constant ( τ b = 0.298, p = 0.03) was present. However, statistical analysis revealed no relationship between stress levels and the effects of green tea supplementation. Two subjects of the Yabukita group and 3 of the Benifuuki group reported symptoms of illness (in most cases common cold) during the last week of the study. Remarkably, 4 of the subjects affected by illness also showed a decrease in the rate constant.
Discussion
The aim of the pilot study was to investigate the effects of green tea consumption on the radical scavenging capacity of human skin. Furthermore, it was to be determined whether Benifuuki tea, which is reported to contain a catechin with a very high bioavailability [46] , would prove to be more effective than Yabukita tea. Both Yabukita and Benifuuki tea led to a significant increase of almost 30% in the rate constant of the EPR signal decay compared to the control group. These results indicate a higher antioxidant content of the skin in the subjects of the tea groups, leading to a faster decrease in the EPR signal of the radical TEMPO. As cutaneous bioavailability studies showed that green tea polyphenols and their metabolites are incorporated into human skin [30, 32] , the increase in the rate constant might be a result of the direct antioxidant effects of green tea polyphenols in the skin. Polovka et al. [55] used EPR spectroscopy to demonstrate that green tea is an effective scavenger of the radicals DPPH (2,2-diphenyl-1-picrylhydrazyl) and 4-hydroxy-TEMPO in vitro. Furthermore, polyphenols may provide additional indirect antioxidant effects by stimulating the transcription of endogenous antioxidants [17] . Quercetin was shown to upregulate the production of glutathione [56] and to induce phase II antioxidant enzymes through Nrf2-dependent gene expression [57] . Results from a clinical trial of green tea in patients with the metabolic syndrome showed an increase in blood glutathione levels, but other antioxidant enzymes like glutathione peroxidase and catalase remained unaffected [58] . In a trial examining the photoprotective effects of topical EGCG application, EGCG was found to inhibit UV-induced depletion of cutaneous glutathione [22] . It is important to consider the effects of green tea polyphenols on glutathione metabolism, as glutathione, alongside with ascorbic acid, is reported to be one of the main reductors of TEM-PO in human skin [51] . However, it should be noted that the mechanisms of radical scavenging are very complex. TEMPO, which readily accepts electrons and forms EPR-silent hydroxylamine, is considered very suitable to measure tissue antioxidant activity [59] . However, a loss of the EPR signal can also occur due to the destruction of TEMPO by certain radicals, especially hydroxyl radicals, as well as carbon-centered and peroxyl radicals [51] . On the other hand, green tea polyphenols may also exert prooxidant activity and lead to oxidative stress. The impact of these prooxidant effects is not yet clear, though it was postulated that the induction of low-level oxidative stress by green tea may be responsible for the activation of endogenous antioxidant pathways and thus be in fact beneficial [14] . Due to the intricate and contradicting nature of these mechanisms, results of EPR measurements should be interpreted with care.
The effects of green tea on the radical scavenging capacity of the skin were comparable to those of vitamin C, Aronia extract, and carotenoids, which increased the rate constant by 22-37% in previous studies [60 -62] . However, this is the first study to show that a natural product as green tea, without any artificially added antioxidants, is capable of increasing the cutaneous radical scavenging activity.
Despite the good bioavailability and high antioxidant activity of EGCG3 ′ ′ Me [63] , no difference in the outcomes of the Yabukita and Benifuuki tea groups could be observed, suggesting that the methylated catechins of Benifuuki tea offer no additional benefit to the cutaneous antioxidant effects of green tea. Not all green tea polyphenols are equally efficient in activating antioxidant pathways [64] , and only few data are available on the pharmacological effects of EGCG3 ′ ′ Me. Furthermore, no study has investigated the incorporation of EGCG3 ′ ′ Me into human skin so far. Further research is needed to clarify the role of the different green tea polyphenols and their metabolites for the antioxidant network of the skin.
While the mean individual increase in the rate constant was nearly 30% in both tea groups, large interindividual differences were observed, which could be explained by considerable variations in bioavailability shown in previous studies. Calani et al. [43] reported a mean green tea bioavailability of 62% in a study of 20 participants, where 4 subjects reached a 100% bioavailability and 5 subjects showed a bioavailability of less than 30%. It is noticeable that a high number of subjects from the Yabukita and Benifuuki tea groups showed only a small increase or even a decrease in the rate constant, raising the question of responsiveness to green tea catechins as discussed by Mereles and Hunstein [40] . If the maximum individual rate constant increase of 18% in the control group is taken as cutoff value for the responding status, half of the subjects in both green tea groups could be classified as nonresponders. However, the decrease in the rate constant observed in 4 of 5 participants affected by illness during the study indicates a negative influence of illness on the radical scavenging capacity of the skin, possibly due to a decrease in cutaneous antioxidants as reported in previous studies [65, 66] . Furthermore, considering that biomarkers of green tea consumption were not monitored in blood or urine, it is not clear how many of the nonresponders were noncompliant.
Analysis of the questionnaire revealed a weak correlation between mental stress levels and the baseline rate constant. Psychological stress may cause cellular oxidative stress through activation of the hypothalamic-pituitary-adrenal axis and cytokine release [67] . However, mild or moderate stress can also lead to an upregulation of glutathione synthesis, presumably as a protective measure to counteract excessive radical formation [68] . Therefore, an increase in cutaneous glutathione levels could lead to a faster TEMPO scavenging in volunteers who encountered psychological stress.
The total carotenoid content and the lycopene content did not change significantly in any of the groups, which is in accordance with previous studies investigating the antioxidant status after green tea ingestion. An 8-week study conducted on patients with the metabolic syndrome reported that green tea increased plasma antioxidant capacity, but did not affect serum carotenoids or tocopherols [58] . Similarly, green tea polyphenols did not change plasma β-carotene and vitamin C in smokers [69] .
The finding that oral administration of green tea may alter the antioxidant status of the skin has important implications for the use of green tea in dermatology, which so far was mostly limited to topical application. Sinecatechins (green tea extract) ointment has been found effective in the therapy of condylomata accuminata, being the first botanical drug approved for prescription by the US Food and Drug Administration [70] . Similarly, the topical administration of green tea extract has yielded promising results in the treatment of rosacea, acne, and atopic dermatitis [70] . However, as evidence arises that orally administered green tea may exert biological effects in the skin, further research is needed to evaluate the effectiveness of green tea supplementation in the treatment and prevention of dermatological conditions, especially those associated with oxidative stress.
The limitations of this pilot study include the lack of blinding of the control group against the green tea groups as well as a small sample size and short duration of the study. Previous EPR spectroscopy studies suggested that hydrophilic substances such as vitamin C will increase the antioxidant potential of the skin after 2 weeks of supplementation [61] , while carotenoids as hydrophobic substances exert their effects fully only after 8 weeks [62] . Green tea polyphenols are intermediate in their hydrophobicity [71] , with several components, including quercetin and epicatechin, considered to be rather lipophilic [57, 72] . Therefore, further studies with a longer followup should be performed to investigate the kinetics of the cutaneous radical scavenging effects of green tea.
Conclusion
This 2-week pilot study provides novel insights into the role of green tea for the antioxidant network of the skin. It was shown that the daily administration of 3 cups of freshly prepared green tea can enhance the radical scavenging capacity of human skin. No differences were observed between the Benifuuki and the Yabukita tea group. These findings should be confirmed in larger trials, and the question of the effectiveness of oral green tea supplementation in dermatological conditions associated with oxidative stress should be addressed.
